Graphical Abstract Highlights d IgM + PCs generating SIgM are relatively abundant in human but not mouse gut d IgM + PCs clonally relate to a large gut repertoire of memory IgM + B cells d Gut memory IgM + B cells express a tissue-specific signature and can switch to IgA d Human but not mouse SIgM binds a highly diverse microbiota dually coated by SIgA SUMMARY Secretory immunoglobulin A (SIgA) enhances hostmicrobiota symbiosis, whereas SIgM remains poorly understood. We found that gut IgM + plasma cells (PCs) were more abundant in humans than mice and clonally related to a large repertoire of memory IgM + B cells disseminated throughout the intestine but rare in systemic lymphoid organs. In addition to sharing a gut-specific gene signature with memory IgA + B cells, memory IgM + B cells were related to some IgA + clonotypes and switched to IgA in response to T cell-independent or T cell-dependent signals. These signals induced abundant IgM which, together with SIgM from clonally affiliated PCs, recognized mucus-embedded commensals. Bacteria recognized by human SIgM were dually coated by SIgA and showed increased richness and diversity compared to IgA-only-coated or uncoated bacteria. Thus, SIgM may emerge from pre-existing memory rather than newly activated naive IgM + B cells and could help SIgA to anchor highly diverse commensal communities to mucus.
Correspondence gmagri@imim.es (G.M.), acerutti@imim.es (A.C.) In Brief Magri et al. found that the human gut includes a large memory IgM + B cell repertoire clonally related to plasma cells mounting SIgM responses against mucus-embedded commensals cotargeted by SIgA. Dually coated bacteria are detected in humans but not mice and show increased diversity and richness compared to SIgA-only-coated or uncoated bacteria.
INTRODUCTION
Complex commensal communities generally referred to as microbiota colonize the gut mucosa soon after birth and have a broad impact on host metabolism, immune system development, and gut homeostasis (Kamada et al., 2013) . A central element of gut homeostasis is secretory immunoglobulin A (SIgA), an antibody that promotes symbiotic host-microbiota interactions by binding commensals inhabiting the small intestine and, to a lesser extent, the large intestine (Bunker et al., 2015; Kawamoto et al., 2014) .
SIgA responses to commensals mostly initiate at gut follicular sites of antigen entry, including Peyer's patches. At these sites, sampling of commensals by microfold cells, macrophages, and dendritic cells promotes a sustained germinal center (GC) reaction involving cognate interaction of B cells with T cells, followed by B cell induction of IgM-to-IgA class switching and affinity maturation through class switch recombination (CSR) and somatic hypermutation (SHM), respectively (Kawamoto et al., 2014) . High-affinity and IgA-expressing B cells emerging from GCs upregulate gut-homing receptors and progressively differentiate into IgA-secreting plasma cells (PC-As), which home to the gut lamina propria (LP) (Macpherson et al., 2008) . These PC-As release polymeric IgA, which translocates across epithelial cells to generate intraluminal SIgA that coats mucusembedded commensals (Kubinak and Round, 2016) .
The T cell-dependent (TD) pathway is complemented by a T cell-independent (TI) pathway entailing activation of follicular and possibly extrafollicular B cells by various cells of the innate immune system (Tsuji et al., 2008) . Complementary TD and TI responses generate circulating IgA class-switched memory (ME-A) B cells and cooperatively shape the architecture of the microbiota during the development of an individual (Planer et al., 2016) . However, the TD pathway may become predominant over time due to continuous accumulation of ME-A B cells (Lindner et al., 2012 (Lindner et al., , 2015 . ME-A B cells emerge from gut inductive sites along with PC-As and continuously diversify their B cell receptor repertoire via a microbiota-stimulated adaptation process involving induction (legend continued on next page) of SHM and PC-A differentiation in pre-existing GCs (Lindner et al., 2012) .
In addition to PC-As, the gut mucosa contains IgM-secreting PCs (PC-Ms) that release SIgM into the lumen through the polymeric Ig receptor (pIgR) (Macpherson et al., 2008) . In mice, SIgM production increases upon induction of colonic damage to prevent lethal dissemination of commensals (Kirkland et al., 2012) . However, little else is known about the ontogeny, regulation, and function of SIgM, particularly in humans. A better understanding of this mucosal antibody may further elucidate hostmicrobiota interactions in health and disease states. Indeed, primary antibody deficiency patients selectively lacking SIgA rarely develop inflammatory bowel disease, which is instead more common and very severe in patients lacking both SIgM and SIgA (Agarwal and Mayer, 2009) .
We found that human PC-Ms coexisted with a large but previously unrecognized repertoire of gut-specific memory IgM + (ME-M) B cells that were clonally related to PC-Ms as well as some ME-A B cells and PC-As. In addition to inducing IgM-to-IgA CSR, ME-M cells exposed to TD or TI signals secreted copious IgM that targeted mucus-embedded commensals, similar to SIgM from PC-Ms. Unlike its murine counterpart, human SIgM recognized bacteria dually coated by SIgA that were characterized by increased diversity compared to SIgAonly-coated or uncoated bacteria. Thus, SIgM may emerge from pre-existing ME-M B cells rather than newly activated naive B cells and could help SIgA to anchor highly diverse microbial communities to gut mucus.
RESULTS
Gut PC-Ms Are More Abundant in Humans than Mice Gut PC-As have been extensively studied, but little is known about gut PC-Ms, which account for about 10%-20% of all gut PCs in humans (Macpherson et al., 2008) . Flow cytometry identified PC-Ms in addition to PC-As in histologically normal resected tissues from terminal ileum and proximal colon samples of individuals undergoing right hemicolectomy due to malignancy, polyps, or angiodysplasia ( Figures 1A and S1A ). PC-Ms were consistently more abundant in the ileum compared to the colon and expressed a phenotype similar to that of classswitched PCs, which comprised mostly PC-As ( Figures 1A-1C and S1B).
Compared to human gut naive B cells, PC-Ms showed increased expression of CD138, CCR10, and/or CCR9. Upregulation of these PC-associated molecules was coupled with downregulation of HLA-DR, CD20, and the follicle-associated chemokine receptors CCR7 and CXCR4. Notwithstanding their resemblance to PC-Ms, class-switched PCs expressed more CD138, which could reflect a more advanced maturation stage ( Figure 1C and S1B; Nutt et al., 2015) .
Quantitative real-time PCRs (qRT-PCRs) further determined that, compared to human intestinal naive B cells, PC-Ms contained more transcripts for BLIMP-1 and IRF4 ( Figure S1C ), two transcription factors required for PC differentiation (Nutt et al., 2015) . In addition, PC-Ms contained more transcripts for BCL-2 ( Figure S1C) , an anti-apoptotic protein that may sustain human PC survival in the intestine (Nair et al., 2016) . Of note, immunofluorescence analysis followed by tissue-based cell counting demonstrated that, compared to the human ileum LP, the small intestinal LP from wild-type C57BL/6 mice featured fewer PC-Ms accumulating intracellular IgM and a lower PC-M/PC-A ratio (Figures 1D and 1E) . Flow cytometry confirmed that the frequency of PC-Ms was negligible compared to that of PC-As in the mouse small and large intestines (Figures S1D and S1E).
Given that PC-As colonize the small intestinal LP from the circulation through a mechanism involving a4b7 and CCR9 gut-homing receptors (Macpherson et al., 2008) , we further verified whether circulating PC-Ms expressed gut-homing properties. Compared to PC-As, a larger fraction of circulating PC-Ms co-expressed b7 and CCR9, whereas PC-G/Es showed little or no b7 and CCR9 ( Figures 1F and 1G ). Thus, PC-Ms are relatively abundant in the human but not mouse small intestine, resemble gut PC-As, and include a circulating fraction expressing guthoming receptors.
Gut PC-Ms Coexist with a Large Repertoire of ME-M B Cells
Considering that gut PC-As emerge from ME-A B cells diversifying at gut inductive sites (Lindner et al., 2015) , we hypothesized that PC-Ms coexisted with ME-M B cells in the human gut and followed published gating strategies and comparable isolation procedures to segregate IgM + IgD À CD27 + CD38 À ME-M B cells from IgM + IgD hi CD27 À CD38 À naive, IgM + IgD lo CD27 + CD38 À marginal zone (MZ), and IgM À IgD À CD27 + CD38 À class-switched memory (ME-SW) B cells (Berkowska et al., 2011; Descatoire et al., 2014) . Of note, MZ B cells are heterogeneous due to progressive recruitment into GC responses that induce classical memory traits over time, including antigen-driven selection (Aranburu et al., 2017; Descatoire et al., 2014; Klein et al., 1998; Seifert et al., 2015) . Nonetheless, MZ B cells exhibit *** *** some properties that make them different from ME-M B cells, including NOTCH-dependent but GC-independent ontogeny in addition to IgD lo phenotype (Aranburu et al., 2017; Berkowska et al., 2011; Descatoire et al., 2014) . ME-M B cells were abundant in ileum and colon but rare in blood, spleen, and tonsil (Figures 1H and 1I) . Consistent with the prevailing localization of PC-Ms in the ileum, ME-M B cells were enriched in the ileum compared to the colon and showed a phenotype similar to that of ileal ME-SW B cells and splenic MZ B cells, including increased expression of the co-stimulatory molecules CD24, CD27, and CD148 compared to naive B cells ( Figures 1H-1J and S1F). Next, we dissected the intestinal geography of ME-M B cells by tissue immunofluorescence. Tissue-based cell counting revealed that ME-M B cells expressing surface IgM but not IgD were rare in the gut LP and comparably abundant in ILFs with or without GCs (Figures 2A and 2B ). Consistently, gut ME-M B cells expressed follicle-retaining CCR7 and CXCR4 receptors as much as gut naive and ME-SW B cells ( Figure 2C ). However, kappa-deleting recombination excision circle assays detected molecular fingerprints of GC proliferation (van Zelm et al., 2007) in gut ME-M and ME-SW but not naive B cells ( Figure 2D ).
Given that ME-A B cells upregulate a4b7 and CCR9 gut-homing receptors as they recirculate from gut follicular inductive sites to the gut LP (Macpherson et al., 2008; Nair et al., 2016) , we further determined b7 and CCR9 expression by circulating ME-M B cells. Compared to circulating ME-A B cells and MZ B cells, a larger fraction of circulating ME-M B cells co-expressed b7 and CCR9, whereas naive B cells and ME-G/E B cells showed little or no b7 and CCR9 co-expression ( Figures 2E and 2F ).
We then ascertained whether the gut mucosa generated ME-M B cells at an early age. Tissue immunofluorescence analysis identified human intestinal ME-M B cells together with PC-Ms and PC-As as early as 1.5 months of age ( Figure 2G ). Tissue-based cell counting and flow cytometry indicated that ME-M B cells remained stable over time, whereas PC-Ms increased through the first ten years of life (Figures S1G and S1H). Thus, human gut PC-Ms co-exist with a large and stable repertoire of ME-M B cells that emerge early in life, predominantly inhabit gut follicles, and include a circulating fraction expressing gut-homing receptors.
Gut ME-M B Cells Express a Gene Signature Reflecting Antigen Experience Human intestinal ME-M B cells were further characterized through transcriptomics. These studies were preceded by a morphological analysis that confirmed the specificity of our sorting procedures ( Figure 3A) .
The global gene expression profile of ME-M B cells was elucidated through cross-comparative strategies involving memory B cell subsets from gut or spleen, including splenic MZ B cells. In this approach, each subset was compared to tissue-specific naive B cells. Supervised hierarchical clustering and robust multi-array average expression analysis indicated that ME-M B cells expressed a transcriptome distinct from that of naive B cells, but similar to that of ME-SW B cells, irrespective of the tissue of origin ( Figures 3B and S2A ). Venn diagrams further determined that gut ME-M B cells expressed a common memory B cell signature entailing 215 transcripts, which were also differentially expressed by gut ME-SW B cells as well as splenic ME-SW and MZ B cells ( Figure S2B ). This common memory B cell gene signature included increased expression of TACI (TNFRSF13B) along with decreased expression of IgD (IGHD), CD72, and the transcriptional suppressors of PC differentiation FOXO1, BTLA, and BACH2 (Figures S2C and S2D; Kurosaki et al., 2015; Nutt et al., 2015) . Thus, human gut ME-M B cells express a common memory B cell gene signature reflecting increased propensity to undergo activation, proliferation, and PC differentiation.
Gut ME-M B Cells Express a Tissue-Specific Gene Signature As shown by unsupervised hierarchical gene clustering and principal component analysis, gut ME-M and ME-SW B cells also expressed a tissue-specific signature. Indeed, these B cells clustered together but away from splenic ME-SW and MZ B cells, whereas naive B cells grouped together independently of their tissue of origin ( Figures 3B, S2E , and S2F). Pairwise correlations confirmed that gut ME-M B cells were more robustly affiliated to gut ME-SW B cells than to splenic MZ B cells ( Figure 3C ). Accordingly, volcano plot, Venn diagram, and heatmap diagrams coupled with qRT-PCR showed 305 transcripts differentially expressed by gut ME-M and ME-SW B cells but not splenic ME-SW and MZ B cells compared to naive B cells .
This tissue-specific memory signature included increased expression of transcripts for (1) Results are presented as mean ± SEM; *p < 0.05, **p < 0.01, ***p < 0.001 (two-tailed unpaired Student's t test). See also Figure S1 . Nair et al., 2016; Rubtsov et al., 2015; Wang et al., 2012; Watanabe et al., 2010) . Finally, Ingenuity's upstream regulator analysis indicated that, compared to splenic ME-SW and MZ B cells, gut ME-M and ME-SW B cells expressed functional gene sets predicting enhanced signaling from IL-2, IL-5, IL-6, IL-10, IL-15, and GM-CSF pathways ( Figure 3G ), which are linked to B cell activation and PC differentiation (Nutt et al., 2015) .
Consistent with these data, gut ME-M and ME-SW B cells expressed activation traits encompassing upregulation of FcRL4, CD43, and CD11c combined with downregulation of CD62 ligand expression ( Figure 3H ). However, compared to gut ME-SW B cells, gut ME-M B cells also showed enhanced MZlike traits ( Figure 3I ), including increased expression of CD21, CD35, CD1c, and the adhesion molecule CD66a (Descatoire et al., 2014; Seifert et al., 2015) . Notwithstanding these similarities, supervised gene expression analysis, flow cytometry, and gene set enrichment analysis (GSEA) indicated that gut ME-M B cells were distinct from splenic MZ B cells (Figures S3B-S3E). Indeed, gut ME-M B cells expressed less CD84 (Figure S3B ), a member of the SLAM family highly expressed by innate-like lymphocytes (Sintes et al., 2010) . Furthermore, gut ME-M B cells expressed more gene products implicated in IL-2 and IL-6 receptor signaling via STAT proteins, but fewer gene products implicated in NOTCH signaling (Figures S3C-S3E). Thus, human gut ME-M B cells express a tissue-specific memory gene signature reflecting increased immune activation and PC but not MZ differentiation.
Gut ME-M B Cells Are Clonally Related to PC-Ms and Some PC-As We next characterized the Ig heavy chain variable (IGHV) and joining (IGHJ) gene repertoires of gut ME-M B cells from paired ileum and colon samples to broadly determine their degree of similarity and diversity with naive B cells and PC-Ms as well as class-switched ME-A B cells and PC-As. Pearson's correlation coefficient analysis of IGHV gene usage indicated that gut ME B cell and PC subsets differed from gut naive B cells but hierarchically clustered with each other based on the expressed isotype, tissue of origin, and cell type ( Figures 4A and S4A ). The antigen-driven IGHV gene reconfiguration of gut ME B cell and PC subsets was further inferred from their negative selection of IGHV1-18, IGHV1-69, IGHV4-34, and IGHJ6 genes (Figures 4B and S4A) and positive selection of IGHV3-7, IGHV3-23, and IGHJ4 genes ( Figures S4A and S4B ).
Compared to gut naive B cells, gut ME B cell and PC subsets expressed mutated IGHV genes encoding antigen-binding variable regions with shorter H-CDR3 average length (Figures 4C, S4C, and S4D), two additional hallmarks of antigen-driven selection (Lindner et al., 2012 (Lindner et al., , 2015 Tipton et al., 2015) . In addition to these commonalities, gut ME B cell and PC subsets showed significant differences. In particular, ME-M B cells and PC-Ms featured fewer IGHV gene mutations and shorter H-CDR3 compared to ME-A B cells and PC-As from ileum but not colon ( Figures 4C, S4C , and S4D). Moreover, ME-M B cells expressed more Ig light chain l (Igl) compared to ME-A B cells from ileum but not colon ( Figure 4D ). These differences could reflect the involvement of ME-M B cells in antigen-driven selection and differentiation programs distinct from those regulating ME-A B cells.
We then investigated the dynamics of the inferred gut antibody repertoire from each donor by collapsing all clones into clonal families and comparing the resulting ''core repertoire'' to the original ''expanded repertoire.'' Clonal families expressing both IgM and IgA or inhabiting both ileum and colon were expanded compared to the core repertoire, whereas clonal families expressing only IgM or IgA or inhabiting either ileum or colon were not ( Figure S4E ). These observations indicate that clonal expansion is coupled with increased IgM-to-IgA class switching and intestinal dissemination. We next visualized the ontogenetic affiliations of gut ME-M B cells with other ME B cell and PC subsets through circos plots. While most of these clonally related ME-M B cells were linked to PC-Ms inhabiting identical or distinct gut segments, fewer but large ME-M clonotypes harboring an increased number of IGHV gene mutations were linked to ME-A B cells and/or PC-As ( Figures 4E, 4F , S5A, and S5B).
Clonotypic affiliations were further corroborated through the calculation of the Morisita-Horn overlap index, which ascribes 0 and 1 values to unrelated and identical sequences, respectively (Lindner et al., 2015) . Ileal ME-M clonotypes showed very robust relatedness with ileal PC-M clonotypes and less robust relatedness with all other subsets clonotypes (Figures 4G and S5C) . Further dissection of clonal families through lineage tree reconstruction analysis suggested that some ileal ME-M B cells generate colonic PC-Ms or ileal ME-A B cells upon re-entering GC pathways that induced SHM with or without CSR ( Figures  4H and 4I ). Additional ileal ME-M B cells from ileum may generate colonic PC-As by entering extra-GC pathways inducing CSR but not SHM ( Figure 4J ). Accordingly, tissue immunofluorescence analysis detected B cells expressing the CSR/SHM-inducing enzyme AID and the proliferation molecule Ki-67 in both GC and extra-GC areas from ileum, including ILFs ( Figure 4K ). The presence of IgM-to-IgA CSR in some gut ME-M B cells was confirmed by detecting germline Ia1-Ca1 and Ia2-Ca2 as well as switch circle Ia1/2-Cm transcripts in ME-M but not control naive B cells from human ileum ( Figures 4L and S5D ). Ileal IgM + GC B cells predictably contained Ia1-Ca1 and Ia1/2-Cm, whereas PC-Ms unexpectedly contained Ia1/2-Cm and Ia2-Ca2 but lacked Ia1-Ca1 ( Figure 4L ). These PC-Ms may emerge from recently activated ME-M clones concomitantly receiving IgM-to-IgA CSR-inducing signals. Thus, human ME-M B cells disseminate to both ileum and colon and may differentiate to PC-Ms and class-switched PC-As by re-entering GCs or progressing through extra-GC pathways.
Gut ME-M B Cells Secrete IgM and Switch to IgA upon TD or TI Stimulation
The differentiation potential of human gut ME-M B cells was further explored by evaluating their proliferation, CSR and PC differentiation upon exposure to TD (CD40L and IL-21) or TI (CpG DNA combined or not with BAFF and APRIL) signals. IL-10 was supplemented to maximize CSR and PC differentiation (Macpherson et al., 2008) .
As shown by CFSE dilution assays, TD signals induced comparable proliferation of gut ME-M and naive B cells, whereas TI signals induced proliferation of gut ME-M but not naive B cells, particularly in the presence of BAFF and APRIL (Figures 5A and 5B) . Moreover, ME-M B cells differentiated into proliferating CD38 hi CFSE lo plasmablasts in response to either TD or TI signals, whereas naive B cells did so only in response to TD signals ( Figure 5C ). Of note, a sizable fraction of plasmablasts emerging from activated ME-M but not naive B cells expressed IgA but lacked IgM ( Figure 5D ).
Consistent with these data, ME-M B cells secreted copious IgM and less abundant IgA in response to TD or TI signals, whereas naive B cells showed weaker IgM and IgA responses to TD but not TI signals ( Figure 5E ). We then wondered whether CSR targeted gut ME-M B cells expressing FcRL4, which defines activated tissue-based memory B cells (Ehrhardt et al., 2005) . Indeed, TD signals generated plasmablasts from both FcRL4 À and FcRL4 + ME-M B cells, but induced IgM-to-IgA CSR only in FcRL4 + ME-M B cells ( Figure 5F ). Accordingly, gut FcRL4 + but not FcRL4 À ME-M B cells contained transcripts for the CSR (and SHM)-inducing enzyme AID ( Figure 5G ). Thus, human gut ME-M B cells proliferate and generate PC-Ms in response to TD or TI signals, which further induce IgM-to-IgA CSR in the FcRL4 + fraction of ME-M B cells.
Gut ME-M B Cells and PC-Ms Release IgM to Mucus-Embedded Commensals We next developed an EBV-based protocol to determine whether human gut ME-M B cells produced IgM to autologous mucus-embedded bacteria ( Figure 6A ). Initial ELISAs showed that IgM from ileal ME-M B cells recognized commensal antigens such as phosphorylcholine, b-glucan, laminarin, galactosea-1,3-galactose, and capsular polysaccharides, whereas IgM from ileal naive B cells did not ( Figures 6B and S6A ). Further flow cytometry assays showed that IgM from ileal ME-M B cells recognized mucus-embedded commensals more efficiently than IgM from ileal naive B cells did ( Figure 6C ).
We then quantified binding of PC-derived SIgM to mucusembedded microbiota from paired human ileum and colon samples ( Figures 6D, S6B , and S6C). Initial ELISAs detected free SIgM in mucus, though in lesser amounts than free SIgA (Figure 6E ). Most mucus samples included significant SIgA + SIgM + , SIgA + SIgM À , and SIgA À SIgM À but negligible SIgA À SIgM + microbiota fractions ( Figure 6F ). The frequency of these fractions was variable among individuals and between ileum and colon from the same individual. Consistent with the virtual lack of PC-Ms in the murine gut and published results (Bunker et al., 2015) , the microbiota from the small and large intestines of wild-type mice included IgA À SIgM À and SIgA + SIgM À but not SIgA + SIgM + bacterial fractions ( Figure 6G ). Enhancing gut microbiota complexity by housing mice outside the specific pathogen-free (SPF) barrier increased neither SIgA + SIgM + bacteria nor PC-Ms nor PC-As, but did increase SIgA + SIgM À bacteria ( Figures S6D and S6E) . Thus, human gut ME-M B cells recognize commensals as clonally related PC-Ms do. These latter generate homeostatic SIgM responses that target SIgAcoated bacteria in humans but not wild-type mice.
SIgM from Gut PC-Ms Binds Highly Diverse Commensals Dually Coated by SIgA
We next devised a strategy to profile mucus-embedded bacteria from human ileum or colon by 16S ribosomal RNA (rRNA) gene sequencing and found inter-individual variability at phylum and genus levels ( Figures S7A-S7C ). Differences in bacterial composition between ileum and colon from the same donor were less pronounced than between donors, as shown by unsupervised hierarchical clustering ( Figure S7C ). Rarefaction plots calculating Faith's phylogenetic diversity and Shannon index confirmed that phylogenetic richness and species diversity varied among donors but not between tissues ( Figures S7D and S7E) .
To comparatively profile SIgA + SIgM + , SIgA + SIgM À , and SIgA À SIgM À fractions of mucus-embedded bacteria in a comprehensive and unbiased manner, we combined SIgM/A-based sorting with 16S rRNA gene sequencing ( Figure 7A ). The composition of each fraction varied at both phylum and genus levels, though all fractions showed more Bacteroidetes and Firmicutes than Proteobacteria and Actinobacteria (Figures 7B and 7C) . Also, phylogenetic richness and microbial species diversity varied among fractions, with an overall decrease from SIgA + SIgM + to SIgA + SIgM À and SIgA À SIgM À fractions ( Figure 7D ). This finding correlated with differences in phylum composition, including proportionally fewer Bacteroidetes but more Firmicutes in SIgA + SIgM + compared to SIgA + SIgM À and SIgA À SIgM À fractions ( Figure 7E ).
To identify microbial species accounting for the above phylum differences at the operational taxonomic unit (OTU) level, we used a log-based enrichment index ( Figure 7F) . A hierarchical clustering algorithm applied to a conservative selection of OTU-based enrichment indexes showed that SIgA + SIgM + and SIgA + SIgM À fractions grouped together, separately from the SIgA À SIgM À fraction ( Figure 7F ). Of twelve OTUs showing a significantly different enrichment index, seven Lachnospiraceae and Ruminococcaceae were enriched in SIgA + SIgM + compared to SIgA À SIgM À bacteria ( Figures 7F  and S7F ).
Accordingly, flow cytometry-based coating assays determined that IgM from EBV-transformed gut ME-M B cell lines strongly bound Firmicutes such as Bacillus cereus, Roseburia intestinalis (belonging to Lachnospiraceae), and Ruthenibacterium lactatiformans (belonging to Ruminococcaceae). In addition, IgM showed elevated binding to Bacteroidetes such as Bacteroides vulgatus, but little or no binding to other Bacteroidetes or Proteobacteria such as Bacteroides fragilis, Bacteroides thetaiotamicron, and Escherichia coli ( Figure S7G) . Thus, human SIgM may cooperate with SIgA to implement mucus retention of diverse microbial communities, including Firmicutes with putative beneficial functions.
DISCUSSION
We have shown that human gut PC-Ms were clonally related to a large and previously unrecognized repertoire of ME-M B cells that predominantly inhabited gut-associated follicles. Besides undergoing IgM-to-IgA CSR in response to TD or TI signals, gut ME-M B cells secreted abundant IgM, which, along with SIgM, recognized mucus-embedded commensals. Of note, SIgM-coated bacteria were dually targeted by SIgA and showed increased diversity and distinct composition compared to uncoated or SIgA-only-coated bacteria. Thus, SIgM may help SIgA to anchor non-redundant microbial communities to mucus.
The key role of SIgA in gut homeostasis can be inferred from the emergence of dysbiosis in mice lacking B cells, IgA, AID, or pIgR (Kubinak and Round, 2016) . In addition to dysbiosis, patients with antibody deficiency can develop gut inflammation, including inflammatory bowel disease (Agarwal and Mayer, 2009 ). This complication is more frequent in common variable immunodeficiency cases with combined SIgM and SIgA depletion (Agarwal and Mayer, 2009 ), suggesting that human gut homeostasis requires microbiota targeting by both SIgM and SIgA. Accordingly, we found that PC-Ms accumulated in the human but not mouse gut mucosa and further demonstrated that SIgM coated human but not mouse gut bacteria in combination with SIgA.
Remarkably, human gut PC-Ms established extensive clonal relationships with a large repertoire of gut ME-M B cells that were rare in systemic or mucosal extra-intestinal lymphoid organs, including spleen and tonsils. The prominent gut tropism of ME-M B cells was further indicated by studies showing robust a4b7 and CCR9 co-expression on a large fraction of circulating ME-M B cells and PC-Ms. Of note, a4b7 and CCR9 induction mostly occurs in lymphoid structures from the small intestine and promotes migration of gut ME-A B cells and immature PC-As to the small intestinal LP (Macpherson et al., 2008) . Accordingly, gut ME-M B cells predominantly inhabited Peyer's patches and ILFs from the small intestinal mucosa, whereas PC-Ms mostly accumulated in the small intestinal LP. Similar to PC-As, gut ME-M B cells and PC-Ms became detectable as early as 1.5 months after birth. While PC-Ms further accumulated over the first 10 years of life, ME-M B cells remained numerically stable over time. These results suggest that SIgM may shape the microbiota of a developing individual in cooperation with SIgA (Planer et al., 2016) .
Our identification of clonally related ME-M B cells and PC-Ms in the human gut extends evidence from mouse systemic immunization models indicating that humoral memory is not merely comprised of ME-G and ME-A B cells, but further extends to ME-M B cells (Dogan et al., 2009; Kurosaki et al., 2015; Pape et al., 2011) . Besides expressing canonical memory molecules such as CD24, CD27, and CD148, human gut ME-M B cells featured post-GC expression of mutated IGHV genes and negative selection of IGHV1-69, IGHV4-34, and IGHJ6 genes, which encode antibodies enriched in self-reactivity (Tipton et al., 2015) . Furthermore, some ME-M B cells showed clonal properties consistent with re-entry into GC pathways promoting SHM in addition to PC-M differentiation.
Diversification of human gut PC-Ms from pre-existing memory specificities echoes works showing homeostatic or immunization-induced diversification of gut ME-A B cells in GCs from Peyer's patches (Bemark et al., 2016; Lindner et al., 2012 Lindner et al., , 2015 . In addition to PC-Ms, human gut ME-M B cells generated some ME-A B cells and PC-As by entering either GC pathways coupled with SHM and CSR or GC-independent pathways promoting CSR but not SHM. This conclusion was supported by lineage tree reconstruction analysis of high-throughput IGHV gene sequencing data, detection of AID in activated FcRL4 + gut ME-M B cells responsive to IgM-to-IgA CSR-inducing signals, identification of IgM-to-IgA CSR in unfractioned ME-M B cells, and detection of AID in B cells from both GC and extra-GC areas.
In mice, systemic ME-G and ME-M B cells were thought to rapidly induce PC-Gs or a secondary GC reaction upon re-exposure to antigen, respectively (Dogan et al., 2009; Pape et al., 2011) . This view has been modified by mouse studies indicating that systemic ME-M B cells can rapidly differentiate into IgG class-switched plasmablasts in response to TI or TD signals (Krishnamurty et al., 2016; Zuccarino-Catania et al., 2014) . Accordingly, human intestinal ME-M B cells progressed along intertwined GC-dependent and GC-independent pathways that promoted IgM-to-IgA CSR in addition to PC differentiation. Compared to gut naive B cells, which showed weaker and TDbiased antibody responses, gut ME-M B cells comparably induced plasmablasts secreting IgM or IgA in response to either TD or TI signals. Of note, similar signals activate rotavirus-specific gut ME-M B cells (Narvá ez et al., 2012) . Local TD and TI cues could further imprint ME-M B cells with a tissue-specific memory signature similar to that described in tonsillar ME-G/A B cells (Ehrhardt et al., 2005) . This signature included CD11c, Siglec-6, CCR9, IL-10, IL-10Ra, and RORa upregulation, which reflects non-inflammatory activation and mucosal homing.
Gut ME-M B cells also expressed a common memory signature shared with gut and splenic ME-SW B cells. This signature included FcRL4 and TACI upregulation, which suggests increased activation by TI signals from TLR ligands and BAFF or APRIL (He et al., 2010; Sohn et al., 2011) , as well as CD72, FOXO1, BACH2, and BTLA4 downregulation, which reflects increased propensity to undergo proliferation and PC differentiation (Kurosaki et al., 2015) . Similar to splenic MZ B cells, gut ME-M B cells expressed more CD1c, CD21, CD35, and CD66a compared to gut ME-SW B cells, a finding reminiscent of recent studies suggesting that splenic MZ B cells originate from gut precursors (Vossenk€ amper et al., 2013) . However, the global transcriptome of gut ME-M B cells clustered separately from that of splenic MZ B cells. Compared to these latter, gut ME-M B cell expressed less CD84, more gene products linked to PCinducing IL-2 and IL-6 signaling, and fewer gene products linked to NOTCH signaling, which is required for MZ B cell differentiation (Descatoire et al., 2014) .
Besides establishing affiliations with IgM + and IgA + clonotypes, ME-M B cells formed a core repertoire of clonally organized families that emerged early in life and did not show agedependent accumulation. Thus, ME-M B cells may form a stable but functionally plastic pool of ''immune sentinels'' within sites of antigen entry, such as ILFs. These sites contained two parallel repertoires of unswitched ME-M and naive B cells expressing follicle-targeting CCR7 and CXCR4 receptors. As indicated by their unique phenotypic, molecular, transcriptional, and functional traits, these B cell subsets may offer unique solutions to different problems. While ME-M B cells may initiate quickly developing SIgM and SIgA responses to rapidly match transient changes of the microbiota, naive B cells may induce de novo SIgM and SIgA responses to counter more durable microbial perturbations. Consistent with their involvement in the homeostatic control of commensals, ME-M B cells produced IgM to mucus-embedded bacteria as SIgM from clonally related PC-Ms did.
The presence of homeostatic SIgM responses in humans but not mice may reflect the lower complexity of the mouse gut microbiota (Kamada et al., 2013) . However, neither PC-Ms nor SIgM-coated bacteria increased in non-SPF mice harboring a more complex microbiota, suggesting that B cell-intrinsic differences also play a role. Accordingly, ME-M B cells from orally immunized mice have been shown to colonize the spleen and bone marrow but not gut follicles (Bemark et al., 2016) . Remarkably, SIgM coated a fraction of the human microbiota that was also targeted by SIgA. Compared to uncoated or SIgA-onlycoated bacteria, bacteria dually coated by SIgM and SIgA showed increased diversity, a parameter linked to gut homeostasis (Kamada et al., 2013) . By activating complement (Kirkland , 2012) , SIgM may constrain the growth of common commensals, thereby helping SIgA to optimize microbiota diversity (Kubinak and Round, 2016) . Accordingly, SIgA deficiency causes dysbiosis and inflammatory bowel disease when combined with SIgM deficiency, as in patients with common variable immunodeficiency (Agarwal and Mayer, 2009 ). Compared to uncoated bacteria, bacteria dually coated by SIgM and SIgA as well as bacteria coated by SIgA alone were enriched in Firmicutes, including Lachnospiraceae and Ruminococcaceae. By degrading dietary polysaccharides into shortchain fatty acids with immunoregulatory and SIgA-inducing functions (Arpaia et al., 2013; Kim et al., 2016) , these commensals may enhance protection against obesity and infection (Biddle et al., 2013; Cho et al., 2012; Petrof et al., 2013) . Should this be the case, PC-Ms and clonally related PC-As may maximize gut retention of non-redundant microbial consortia through a mechanism involving mucus interaction with the pIgR-derived secretory fragment of SIgM and SIgA (Macpherson et al., 2008) . This dual anchoring strategy may have evolved to preserve microbiota homeostasis under common pathological conditions selectively depleting SIgA. Similar to a large fraction of gut IgA (Benckert et al., 2011) , gut IgM showed evidence of polyreactivity, because it targeted common microbial products and some Bacteroidetes such as Bacteroides vulgatus in addition to Firmicutes. In summary, SIgM may emerge from pre-existing memory rather than newly activated naive IgM + B cells and could help SIgA to select, control, and retain highly diverse and putatively beneficial commensal communities within gut mucus.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Human Tissue and Blood Specimens Histologically normal tissue samples from terminal ileum and ascending colon were obtained from 50 patients undergoing right hemicolectomy due to colonic tumors, unresectable polyps or angiodysplasia. The age of these patients ranged from 28 to 89 years (mean 68.8 years) and the male/female ratio was 1:1.2. Peripheral mononuclear cells were isolated from buffy coats and splenocytes from histologically normal spleens from deceased organ donors or individuals undergoing post-traumatic splenectomy. Tonsils were obtained from adult patients with follicular hyperplasia. The use of blood and tissue samples was approved by the Ethical Committee for Clinical Investigation of the Institut Hospital del Mar d' Investigacions Mè diques (CEIC-IMIM 2011/4494/I). Fresh tissue and mucus samples and formalin-fixed and paraffin-embedded tissue sections were collected from the Mar Biobanc tissue repository with patient-signed informed consent. All tissue samples were assigned coded identifiers and relevant clinical information remained concealed.
Mice
Female C57BL/6 mice (Charles River Laboratories) were bred in-house in the animal facility of the Barcelona Biomedical Research Park under specific pathogen free (SPF) or conventional housing conditions. All mice were used at 8-12 weeks of age. Mice were euthanized by cervical dislocation and animal procedures were approved by the Ethic Committee of the Barcelona Biomedical Research Park and performed according to Spanish and European legislations.
METHOD DETAILS

Sample Processing
For the isolation of mononuclear cells from human intestinal samples, mucosa and submucosa were dissected from muscularis externa and cut into 2-to-3-mm pieces. These pieces were first washed in calcium and magnesium-free Hanks' balanced salt solution (HBSS) before incubation at 37 C for 20 min in HBSS containing 5mM Dithiothreitol (DTT) and 1 mM Ethylenediaminetetraacetic acid (EDTA). The tissue pieces were transferred into a falcon tube with 30ml of HBSS and shaken vigorously for 10 s twice. The supernatant, containing the intra-epithelial lymphocytes fraction, was discarded. The remaining fraction was digested by incubation for 40 min at 37 C with stirring in a solution of HBSS containing 1 mg/ml collagenase IV (Thermo Fisher), 50ng/ml DNase (New England Biolabs) and 0.5% human serum (Sigma). Lamina propria (LP) suspensions were passed through a 70-mm filter, washed, and resuspended in RPMI 1640 medium (Thermo Fisher) with 10% fetal bovine serum (FBS). To isolate murine LP lymphocytes, upon excision of PPs, small intestine (SI) and large intestine (LI) segments were opened longitudinally and cut into 5-mm pieces. These pieces were subsequently processed following the same procedure used for human intestinal samples. Human splenocytes and tonsillar mononuclear cells were obtained from fresh samples by enzymatic digestion of the tissue for 40 min at 37 C in a solution of HBSS containing 1 mg/ml collagenase IV (Thermo Fisher), 50ng/ml DNase (New England Biolabs) and 0.5% human serum (Sigma), followed by separation on a Ficoll-Hypaque gradient (GE Healthcare). Peripheral blood mononuclear cells (PBMCs) were obtained from heparinized blood samples by separation on Ficoll-Hypaque gradient.
Flow Cytometry
Cells were incubated at 4 C with Fc-blocking reagent (Miltenyi Biotec) before the addition of the appropriate 'cocktails' of fluorochrome-labeled monoclonal antibodies (mAbs). Dead cells were excluded through the use of 4'-6'-diamidine-2 0 -phenylindole (DAPI) (Sigma). Cells were acquired with LSR Fortessa (BD Biosciences) and data were further analyzed with FlowJo V10 software (TreeStar).
Cell Sorting
For cell sorting, cell suspension were incubated at 4 C with Fc-blocking reagent (Miltenyi Biotec) and stained for 30min with the following monoclonal antibodies: anti-CD45 AF700 (clone: HI30), anti-CD19 PE-Cy7 (clone: HIB19), anti-CD38APC-Cy7 (clone: HIT2), anti-CD10 PE (clone: HI10a), anti-IgM BV605 (clone: MHM-88) (all from Biolegend), anti-CD27 PerCpCy5.5 (clone: M-T271) (BD Biosciences), and anti-IgD FITC (Southern). CD45 + CD19 + CD38 dull CD10 À IgD 2+ IgM + CD27 À naive B cells, CD45 + CD19 + CD38 dull CD10 À IgD + IgM 2+ CD27 + MZ B cells, CD45 + CD19 + CD38 int CD10 + IgD-IgM + CD27 + GC-M, CD45 + CD19 + CD38 dull CD10 À IgD À IgM + CD27 + ME-M B cells, CD45 + CD19 + CD38 dull CD10 À IgD À IgM À CD27 + ME-SW B cells, CD45 + CD19 + CD38 int CD10 + IgD À CD27 + GC B cells, CD45 + CD19 + CD38 2+ CD10 À IgD À IgM + CD27 + PC-M and CD45 + CD19 + CD38 2+ CD10 À IgD À IgM + CD27 + switched PC were sorted with a FACSAria II (BD Biosciences) after exclusion of dead cells through DAPI staining. For sorting of FCRL4 + and FCRL4 -ME-M, anti-FCRL4 APC (clone: 413D12) was added to the 'cocktails'. The purity of cells sorted this way was consistently > 95%.
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KREC Assay
Genomic DNA was isolated from sorted B cell subsets with QIAamp DNA Mini Kit (QIAGEN). The replication history of B cell subsets was determined using the k-deleting recombination excision circle (KREC) assay as described previously (van Zelm et al., 2007) . This assay is based on a quantification of coding joints and signal joints of an Igk-deleting rearrangement (intron RSS-Kde) by qRT-PCR. The DCT between the signal joint and the coding joint exactly represents the number of cell divisions a B cell has undergone. The previously established control cell line U698 DB01 (van Zelm et al., 2007 ) contains 1 coding and 1 signal joint per genome and was used to correct for minor differences in efficiency of both real-time quantitative-PCR assays.
Global Transcriptome Analysis
Total cellular RNA was isolated with the RNeasy Micro kit (QIAGEN) from sorted B cell subsets by following the manufacturer's protocol. RNA integrity was assessed using Agilent 2100 Bioanalyzer (Agilent). Only samples with high integrity (RNA integrity number R 7) were used for transcriptome analysis. Amplification, labeling and hybridizations were performed according to protocol OvationÒ Pico WTA System V2 and Encore Biotin Module (NuGEN) and then hybridized to GeneChip Human Gene 2.0 ST Array (Affymetrix) in a GeneChip Hybridization Oven 640. Washing and scanning were performed using the Expression Wash, Stain and Scan Kit (Affymetrix) and the Affymetrix GeneChip System including GeneChip Fluidics Station 450 and GeneChip Scanner 3000 7G. After quality control, raw data were background corrected, quantile-normalized and summarized to a gene-level using the robust multi-chip average (RMA) system. For the detection of differentially expressed genes, a linear model was fitted to the data and empirical Bayes moderated statistics were calculated using the limma package from Bioconductor (Wettenhall and Smyth, 2004) . Adjustment of p values was performed by the determination of false discovery rates (FDR) using the Benjamini-Hochberg procedure. Genes with an adjusted p value less than 0.05 and with an absolute fold change value above 1.5 were selected as significant. Spearman's rank correlation was used to study correlation between normalized gene expressions of the different comparisons. Analyses were performed with R and standard packages. Comparison Upstream Regulator Analysis with Ingenuity Pathway Analysis (Ingenuity Systems, www.ingenuity.com) and GSEA from the Molecular Signature Database (MSigDB) (Subramanian et al., 2005) were used to identify similarities and differences among samples.
Next Generation Sequencing of Ig Gene Repertoires
Aliquots of cDNA products from sorted B cells (Table S3 ) were mixed with high performance liquid chromatography-purified primers specific for VH1-VH6 framework region 1 (50 nM) and primers specific for Ca or Cm (250 nM) containing corresponding Illumina Nextera sequencing tags (Table S4 ) in a PCR volume of 25 mL (4 mL template cDNA) with High Fidelity Platinum PCR Supermix (Thermo Fisher). Amplification was performed using the following conditions. An initial step of 95 C for 5 min was followed by 35 cycles including 95 C for 30 s, 58 C for 30 s, and 72 C for 30 s, supplemented with a final extension step of 72 C for 5 min. Products were purified with miniElute PCR purification Kit (QIAGEN) and Nextera indices were added via PCR with the following conditions: 72 C for 3 min, 98 C for 30 s, 5 cycles of 98 C for 10 s, 63 C for 30 s, and 72 C for 3 min. Ampure XP beads (Beckman Coulter Genomics) were used for purification of the PCR products, which were subsequently pooled and denatured. Single-strand products were paired-end sequenced on a MiSeq (Illumina) with the 500 Cycle v2 Kit (2 3 250 bp). In total, 4,898,226 IGHV gene sequences from four donors were obtained through next generation sequencing (Table S3 ). Paired-end raw sequencing reads were processed into donor-specific Ig gene sequences and grouped in clonal families using a bioinformatics pipeline based on pRESTO, IgBLAST and Change-O (Gupta et al., 2015; Vander Heiden et al., 2014; Ye et al., 2013) . First, raw reads with a Phred score lower than 20 were filtered out, and primers for CH and VH genes were masked. Next, corresponding paired-end reads were aligned and merged together (minimum overlap of 6 nucleotides) and annotated with donor, cell type and isotype origin. Finally, donor-specific Ig subsets were combined (prior to VDJ annotation) to estimate donor-specific clonal families. VDJ calling and assignment were performed using the default parameters for IgBLAST and querying the latest downloaded human IGH IMGT database from February 2016. Donorspecific clonal groups were inferred using a distance-based clustering method implemented in Change-O. Sequences with the same VH and JH annotation, identical H-CDR3 region length and Hamming distance higher than 85% were considered to belong to the same clonal group or family. Finally, germline sequences for each clone were reconstructed using the annotated VDJ information as implemented in Change-O. Donor-specific clonal groups were represented through RCircos plots to visualize the relationships between B cell subsets at clonal level. Morisita-Horn Index estimates were calculated using the divo R package. In both analyses, a rarefied sample of 10,000 clones per subset was used to account for possible sample size biases between donors, tissues and cell types. MHI bootstrap estimates were calculated by resampling 1,000 times a subsample of 10,000 clones for each tissue, cell type and donor. VH and JH gene usage was estimated for each donor and B cell subset, with bars representing average values among donors. SHM levels were estimated by averaging the number of mutations compared to the inferred germline sequence of each clone belonging to a given B cell subset and donor. Donor-specific clonally related B cell lineage trees were reconstructed and plotted using IgTree Software (Barak et al., 2008) .
Quantification and Statistical Analysis
Differences between means from independent groups were assessed using Prism 5.03 software (GraphPad) and R studio. For comparison of two groups, P values were determined by unpaired two-tailed Student's t test, unless otherwise indicated. For comparison of more than two groups, significant values were calculates via one-way ANOVA with Tukey's post hoc test. p values < 0.05 were considered significant. P values are indicated on plots and in figure legends. (* p < 0.05, ** p < 0.01, *** p < 0.001).
DATA AND SOFTWARE AVAILABILITY
The Gene Expression Omnibus accession number for the global gene transcriptional analysis reported in this paper is GEO: GSE89282. Sequencing data are publicly available under BioProject accession number BioProject: PRJNA355402.
